ABSTRACT. We investigated the relationship between plasma vitamin C concentration and serum levels of some diagnostic biochemical markers in 118 lactating Holstein cows. Blood sample was collected once from each cow and we measured the plasma vitamin C concentration and the serum levels of glucose, β-hydroxybutyrate, free fatty acids, triacylglycerol, total cholesterol, albumin, total bilirubin, alkaline phosphatase, aspartate aminotransferase and γ-glutamyltransferase. The regression of plasma vitamin C with each serum diagnostic biochemical marker indicated that the vitamin C concentration significantly decreased as glucose, alkaline phosphatase or aspartate aminotransferase level increased and as total cholesterol or albumin concentration decreased. Furthermore, the plasma vitamin C concentration was significantly lower in the cows showing that each of these marker levels was out of its reference interval than in the cows showing that the marker level was within its reference interval. The significant correlations were observed among total cholesterol, albumin, alkaline phosphatase and aspartate aminotransferase levels, to which the glucose concentration was not related. These results showed that the plasma vitamin C concentration was low in the cows that had concurrently low levels of total cholesterol and albumin, and high levels of alkaline phosphatase and aspartate aminotransferase. Therefore, a hepatic malfunction possibly decreases plasma vitamin C concentration through suppressing vitamin C production. On the other hand, the high level of glucose possibly decreases plasma vitamin C concentration through suppressing vitamin C recycling. KEY WORDS: dairy cows, diagnostic biochemical marker, vitamin C.
Vitamin C is the most abundant and probably most important water-soluble antioxidant in mammals [18] . Domestic animals have not been considered to require dietary vitamin C because they can synthesize a sufficient amount of ascorbic acid (AsA) in the liver [10] . However, the plasma vitamin C concentration was decreased in the calves stressed by housing conditions [2] , and in the lactating cows with mastitis [26] and exposed to heat stress [15] . Furthermore, a clinical case of scurvy, i.e., a typical sign of vitamin C deficiency was reported in cows [3] .
The supply of vitamin C for ruminants totally depends on AsA synthesis from glucose (Glu) since dietary vitamin C is extensively degraded in the rumen [1] . Thus ruminants may be more prone to vitamin C deficiency than other domestic animals when the synthesis of AsA is impaired [10] . The rapid increase in milk production coupled with a limited appetite results in a negative energy balance in the early lactation period and cows are unable to synthesize sufficient amount of Glu. Thus, lactating cows were suggested to have a decreased synthesis of vitamin C resulting from the shortage of Glu, especially in the early lactation period [11] . However, we reported that the incidence of ketosis did not affect the plasma vitamin C concentration in dairy cows during the early lactation period, suggesting that ketotic cows had the ability to produce vitamin C to meet its requirement although Glu supply was not sufficient for milk production [14] . On the other hand, this report indicated that the averaged plasma vitamin C concentration was approximately 16 µM in the lactating cows [14] . Furthermore, the plasma vitamin C concentration differed largely among the cows (ranged from 6 to 28 µM) and the plasma vitamin C concentration was lower than 10 µM in 17 cows of 118 cows (Unpublished data). Although the reference level of plasma vitamin C concentration has not been clarified, the plasma vitamin C concentration in healthy lactating cows is 19µM in the report of Weiss [25] or 20 µM in the report of Hidiroglou [5] and Padilla et al. [15] . Therefore, it was postulated that some factors decreased plasma vitamin C concentration in the cows that we used previously [14] . We determined the relationship between circulating vitamin C level and some diagnostic biochemical markers in the early lactating cows.
MATERIALS AND METHODS

Animals and sample collection:
We used 118 lactating Holstein cows, raised in commercial dairy farms. These cows consisted of cows diagnosed as ketosis and clinically normal cows in the same herds, which were used in our previous report [14] . Blood sample was collected once from the jugular vein of each cow within 2 months after parturition. Unfortunately, age, parity, milk yield, feed composition and feed intake were not recorded.
Chemical analyses: We measured FFA, total cholesterol (TCho), triacylglycerol (TG), albumin (Alb), total bilirubin (TBil), alkaline phosphatase (ALP), aspartate aminotransferase (AST) and γ-glutamyltransferase (GGT) levels in serum with an autoanalyzer (TBA-40FR, Toshiba, Tokyo) using commercial kits as Auto Sera NEFA (Daiichi Chemicals, Tokyo), T-CHO Auto TBA (Denka Seiken, Tokyo), TG Auto TBA (Denka Seiken, Tokyo), ALB-G Auto TBA (Denka Seiken, Tokyo), T-BIL Auto TBA (Denka Seiken, Tokyo), ALP Auto TBA(Denka Seiken, Tokyo), AST Auto TBA (Denka Seiken, Tokyo) and GGT Auto TBA (Denka Seiken, Tokyo), respectively. In the present experiment, we used plasma vitamin C, Glu and β-hydroxybutyrate (BHBA) concentrations that were reported previously [14] .
Statistical analyses:
The association of circulating vitamin C (dependent variable) and each biochemical marker (independent variable) was estimated using the regression analysis by REG procedure of SAS [21] . Additionally, the difference of plasma vitamin C concentration was analyzed by ANOVA procedure of SAS [21] between the cows showing that a marker level was out of its reference interval [6] and within its reference interval. The relationship among the level of each diagnostic biochemical marker was also estimated using the correlation analyses using CORR procedure of SAS [21] . Before the analyses, data were tested for normality of distribution using the Shapiro Wilk Statistic by Univariate procedure of SAS [21] and data were transformed to a log 10 function to fulfill the assumption of linear regression and correlation where necessary. All values are expressed as mean ± SD. Significant difference was declared at P<0.05.
RESULTS
Approximately half of cows showed higher serum FFA, BHBA, ALP, AST and GGT levels, and lower TCho level than the reference interval ( Table 1 ). The Glu, TG, Alb and TBil concentrations were within the reference intervals in almost cows.
The cows with lower TCho or Alb level than the reference interval had significantly lower concentration of plasma vitamin C compared to the cows showing that the marker level was within its reference interval ( Table 2 ). The cows with higher Glu, or AST levels than the reference intervals had significantly lower plasma vitamin C concentration compared to the cows showing that the marker level was within its reference interval. The plasma vitamin C concentration was tended to be lower (P=0.06) in the cows with higher ALP level than in the cows showing that the marker level was within its reference interval. Furthermore, the regression for plasma vitamin C concentration on the TCho, Alb, Glu, ALP or AST level was significant. Thus, the vitamin C concentration significantly decreased as Glu, ALP or AST level increased and as TCho or Alb concentration decreased.
The significant correlation was observed among TCho, Alb, ALP and AST levels ( Table 3 ). There were positive correlations between TCho and Alb levels and between ALP and AST levels. The TCho and Alb concentrations were negatively correlated with ALP and AST levels. On the other hand, the plasma Glu concentration was not correlated with TCho, Alb, ALP or AST level.
DISCUSSION
We previously reported that plasma vitamin C concentration was not related to the incidence of ketosis in dairy cows during the early lactation period [14] . However, the averaged plasma vitamin C concentration was markedly lower in the above report than in the other reports using dairy cows [5, 15, 25] . It was postulated that some factors decreased plasma vitamin C concentration in the cows that we used.
The regression of plasma vitamin C with each serum diagnostic biochemical marker indicated that plasma vitamin C concentration decreased as the level of TCho or Alb decreased and as the level of Glu, ALP or AST level increased. Furthermore, the plasma vitamin C concentra- a) The number of cows having the level over the reference interval of glucose, free fatty acid, β-hydroxybutyrate, total bilirubin, alkaline phosphatase, aspartate aminotransferase or γ-glutamyltransferase, and cows having the level under the reference interval of total cholesterol, triacylglycerol or albumin. b) The total number of cows in the parenthesis. c) Reference interval in cattle [6] . tion was low in the cows showing that each of these marker levels was out of its reference interval. Therefore, it is likely that plasma vitamin C concentration was decreased by factor(s) affecting these marker levels. Although the significant correlation was observed among TCho, Alb, ALP and AST levels, the Glu concentration was not correlated with TCho, Alb, ALP or AST level. These results suggested that plasma vitamin C concentration was decreased by a factor affecting TCho, Alb, ALP and AST levels, and by another factor affecting Glu concentration.
Serum TCho level is decreased by the reduction of metabolic function in the liver [7] . Serum Alb concentration is affected by its production in the liver and hypoalbuminemia may be a clinical sign of hepatocellular liver disease [23] . The increase in serum AST level suggests serious hepatic damage [13] . The hepatic disease induced by nitrosamine cholesterol; TG, Triacylglycerol; Alb, Albumin; TBil, Total bilirubin; ALP, Alkaline phosphatase; AST, Aspartate aminotransferase; GGT, γ -glutamyltransferase. b) Mean ± SD c) The cows having a maker level within the reference interval [6] . d) The cows having the levels over the reference interval [6] of glucose, free fatty acid, β-hydroxybutyrate, total bilirubin, alkaline phosphatase, aspartate aminotransferase or γ-glutamyltransferase, and cows that had the level under the reference interval of total cholesterol, triacylglycerol or albumin. e) The regression of plasma vitamin C with serum diagnostic biochemical marker. Albumin; TBil, Total bilirubin; ALP, Alkaline phosphatase; AST, Aspartate aminotransferase; GGT, γ-glutamyltransferase; r, correlation coefficient; P, probability.
was reported to decrease the plasma vitamin C concentration in dogs [22] . Taken together, we consider that a hepatic malfunction is possibly responsible for low plasma vitamin C concentration in lactating cows. The vitamin C concentration decreased as the Glu level increased and the plasma vitamin C concentration was low in the cows with higher Glu level than the reference interval. The hyperglycemia is induced by insulin resistance that is enhanced for increasing glucose supply during lactation [9] . When AsA acts as an antioxidant, AsA is converted to dehydroascorbic acid [8] . The produced dehydroascorbic acid enters peripheral tissues by an insulin-independent Glu transporter, i.e., GLUT1 [8] and an insulin-dependent transporter, i.e., GLUT4 [17] , and then dehydroascorbic acid is recycled to AsA in the tissues [8] . However, AsA is transported by its specific transporters [24] . The insulin resistance may decrease the plasma vitamin C concentration through suppressing AsA recycling because GLUT4-mediated uptake of dehydroascorbic acid considers decreasing as well as Glu uptake. Alternatively, the high Glu level may decrease the plasma vitamin C concentration per se through suppressing the uptake of dehydroascorbic acid because Glu is known to inhibit competitively the uptake of dehydroascorbic acid [12] . A human research indicated that hyperglycemia induced vitamin C deficiency [16] . Therefore, it is considerable that high level of plasma Glu and/or insulin resistance decreases plasma vitamin C concentration through suppressing AsA recycling in cows.
We used ketotic cows and clinically normal cows in the same herds. Therefore, the clinically normal animals are also considered as cows at risk for developing ketosis. Although ketosis per se did not decrease plasma vitamin C concentration, these cows possibly tend to have low plasma vitamin C concentration. Vitamin C is the most abundant and probably most important water-soluble antioxidant in mammals [18] . Free radicals are scavenged by bioantioxidants including vitamin C. Oxidative stress is induced when the production of free radicals is faster than their neutralization by bioantioxidants [19] . The reduction of plasma vitamin C concentration suggests that vitamin C production is insufficient for the neutralization of free radicals. An involvement of oxidative stress during early lactation period is suggested as the etiology of some diseases and disorders in dairy cows [4, 20] . We propose that the supplementation of vitamin C reduces oxidative stress and stimulates the health of lactating cows.
As conclusions, plasma vitamin C concentration was low in the cows having concurrently the low levels of TCho and Alb in serum, and the high levels of ALP and AST. Plasma vitamin C was also low in the cows having the high circulating level of Glu.
